Abstract-Common-mode voltages appear in pulse-width modulated current-source inverters (PWM-CSIs) drives due to the operating principles of the input rectifier and the output inverter. This paper presents the modeling and analysis of a medium voltage current-source inverter drive, using the Matlab software. Simulated results of the model are in close agreement with experimental waveforms obtained from an industrial ac drive, which shows overvoltages of up to 100%, generating important insulation stresses at the motor stator terminals.
source of bearing failures in motors [7] . These failures are generated by bearing currents originated by high in the motor voltages [8] .
This paper presents the modeling and analysis of this problem using Matlab and shows experimental current and voltage waveforms obtained in a 4.16 kV industrial drive. Fig. 1 shows the power circuit of the ac medium voltage PWM-CSI drive that will be analyzed in this paper. The phasecontrolled rectifier at the input side has six thyristors and controls the magnitude of the dc-link current , delivered to the inverter. The inverter has six gate turn off thyristors and generates the PWM current . Fig. 2 illustrates the waveform of the output current of phase , generated by the inverter. The dc-link filter composed by inductances and is used to attenuate the dc-link ripple current delivered by the rectifier. The capacitor filter connected at the output of the inverter avoids the generation of overvoltages in the stator leakage inductances, due to fast commutation of the inverter current . In addition, these capacitors generate a more sinusoidal voltage at the motor terminals.
II. DESCRIPTION OF THE DRIVE

A. Power Circuit
B. Drive Control Scheme
In this paper, the trapezoidal modulation method was used for low frequencies and the selective harmonic elimination method was applied for higher frequencies, in order to generate the PWM current shown in Fig. 2 [1] . The field-oriented method, was used to control the torque and speed of the motor. This method operates with a model of the motor expressed in a rotating frame oriented with the rotor flux, controlling separately the stator current component that is proportional to the torque and the stator current component that is proportional to the flux [9] . The dc-link current is changed using a closed loop control system that includes the input rectifier.
III. VOLTAGES IN THE DRIVE SYSTEM
A. Voltages Generated by the Rectifier
Referring to Fig. 1 , and are the voltages of points 1 and 2 with respect to the ground . Fig. 3 shows the voltage waveforms when the rectifier is connected to a three-phase source of 4160 V between lines and operates with a firing angle of . This figure also shows the output voltage of the rectifier , which is obtained from In addition, Fig. 3 presents the common-mode voltage of the rectifier , defined by -
B. Voltages at the Input of the Inverter Fig. 1 illustrates voltages and that represent the voltages of points 3 and 4 at the input of the inverter with respec to the neutral of the motor. Fig. 4 shows these voltages in a cur- rent source inverter without modulation, when the motor is operating without load at 1400 rpm. In addition, Fig. 4 shows the input voltage of the inverter , and the common-mode voltage -generated by the inverter. Voltage is obtained from
On the other hand, voltage -is derived from -
C. Neutral to Ground Voltages
The analysis of the voltage of the neutral point of the load ( ) with respect to ground ( ) contributes to understanding the behavior of the drive. The addition of (7) and (8), and considering (5) and (6), gives the total ground to neutral voltage between the ac source and the motor, that is (9) And considering the definitions of common-mode voltages given by (2) and (4), the following equation is obtained:
Effect of the DC Reactors: Equation (10) 
D. Phase to Ground Voltages
It is well known that the PWM-CSI inverter delivers almost sinusoidal phase to neutral voltages to the motor, equal to the inverter output capacitor filter voltage, which is considered to be a very important advantage of this topology, compared to the voltage-source topology. However, the phase to ground voltage is the variable that gives the information necessary to evaluate the voltage stress across the motor terminals. The motor isolation must withstand the phase to ground voltage.
The motor phase to ground voltage can be expressed as
As shown in (11), the phase-ground voltage depends on the phase to neutral voltage and on the neutral-ground voltage. The frequency of voltage is completely independent to the frequency of voltage . Therefore, the phase to ground voltage can reach a magnitude as high as two times voltage . 
IV. SIMULATION OF THE DRIVE
The power and control circuits of the drive are simulated using Matlab, in order to obtain the associated current and voltage waveforms. In this analysis, the converter power semiconductors (SCRs and GTOs) are considered as ideal switches. Fig. 5 shows the SIMULINK block diagram of the drive. Block 1 includes the dc-link current controller, the speed controller and the flux controller. This block generates the mean value of the voltage that must be generated by the rectifier ( ), and the angle of the current vector generated by the inverter . Block 2 represents the rectifier and generates the voltage applied to the dc-link reactor.
The inverter (Block 4) uses the dc-link current, and the angle to produce the modulated currents , , and . Block 5 corresponds to the capacitors used to filter the current received from the inverter, delivering nearly sinusoidal voltages and currents to the motor.
The three-phase induction motor represented by block 6, receives the phase voltages , , , and delivers the rotor speed , the line currents , , , and the electromagnetic torque . Block 7 calculates the input voltage of the inverter delivered to block 3. Block 3 is the dc-link and calculates the dc-link current delivered to the inverter. Block 8 is a flux estimator, necessary to control the flux. Block 9 calculates the stator currents in the rotating frame -.
V. SIMULATION RESULTS
An induction motor connected to a 4.16-kV 50-Hz threephase source, fed by a PWM-CSI inverter has been studied. The data of the motor and the inverter are shown in Table I of the Appendix. Fig. 6 illustrates the behavior of the input rectifier with the drive operating at rated conditions and at 1485 rpm. Fig. 6 also shows the output voltage of the rectifier, the DC-link current , the input voltage and the input current . Under the same operating conditions, Fig. 7 presents the behavior of the load side inverter, including the inverter output current , the motor voltage , the motor current and the capacitor current . It can be observed that the motor voltage has a reduced distortion, due to the connection of the output filter capacitor. Fig. 8 presents the transient behavior of the drive in response to a step change in the load torque from 0 Nm to the rated value of 2000 Nm. This figure includes the rotor speed , the electrical torque , the inverter current , the motor voltage and the motor current . This figure shows that the drive has a good dynamic behavior. Fig. 9 shows the behavior of the different voltages with the drive operating with rated load at 1400 rpm. It can be observed that the phase-neutral voltage is quite sinusoidal, but due to the presence of the neutral-ground voltage , the motor phase to ground voltage has an important distortion. In addition voltage has a maximum value of 2990 V and voltage has a higher value of 5990 V. In this case, the dc-link has two reactors mH. This figure must be compared with Fig. 10 , obtained under similar operating conditions, but with only one reactor: mH and mH. The motor phase to ground voltage of Fig. 10 reaches a peak value of 6700 V.
VI. EXPERIMENTAL RESULTS
Experimental results were obtained from an industrial drive using a 12-pulse input rectifier as shown in Fig. 11 . The inverter was used to feed an induction motor rated 2.3 kV and 373 kW. Additional information of the drive can be observed in Table II of the Appendix. The drive was used in a pump, and the measurements were taken with an output frequency of 40 Hz.
The input filter has three branches, tuned to the fifth, seventh, and eleventh harmonics. The first task of the input filter is to compensate the reactive power generated by the input rectifier. Filters tuned to the fifth and seventh harmonics are included to avoid parallel resonance at the line side. The filter of eleventh order reduces the propagation of current harmonic components 11 and 13.
Figs. 12-15 were obtained with voltage and current transducers. Fig. 12 shows the input current waveform ( ) at the six-pulse rectifier, and Fig. 13 presents the dc-link current ( ). Fig. 14 confirms that the line motor voltage ( ) is highly sinusoidal due to the connection of the output filter capacitor. Also motor current ( ) shown in Fig. 15 is free from high frequency ripple, as predicted by the simulation. The neutral-ground voltage ( ) measured in Fig. 16 , has an important value of 4.33 kV, which significantly increases the magnitude of the phase-ground voltage (
). In addition, experimental measurements obtained in [6] are discussed. These results have been obtained for the same topology shown in Fig. 1 , in a drive of 4.16 kV operating with an output frequency of 60 Hz. Fig. 17 shows that the neutral to ground voltage ( ) of the drive has a peak value of 2.5 kV and a frequency of 180 Hz, which corresponds to three times the output frequency. This result is in close agreement with the simulated waveform shown in Fig. 9 .
Finally, both, simulation and experimental measurements presented in Fig. 9 and Fig. 18 , respectively, show that the motor terminals have an important overvoltage with respect to ground ( ) of approximately 5.4 kV. This value is due to the presence of the common mode effect.
VII. CONCLUSION
The modeling and analysis of overvoltages in PWM-CSI drives due to common mode effects has been presented. A set of equations has been found, demonstrating, in a very simple form, the relation between neutral to ground voltage and common-mode voltages in the rectifier and at the input of the inverter.
The drive produces a highly sinusoidal phase to neutral voltages at the motor terminals. However, there is an important displacement between motor neutral and ground. This produces overvoltages with amplitude equal to two times the phase to neutral motor voltage, originating an important stress to the stator windings isolation.
The equations and simulations results presented in this paper, show that it is more advantageous to use equal filter inductances in the positive and in the negative busbars of the dc-link, producing smaller overvoltages.
Experimental results obtained in the field with an actual industrial drive, confirm the presence of overvoltages generated by the drive and the validity of the model developed in this paper.
